Background: With aging, daily physical activity (PA) becomes less frequent and more fragmented. Accumulation patterns of daily PAincluding transitions from active-to-sedentary behaviors-may provide important insights into functional status in older, less active populations. Methods: Participants of the Baltimore Longitudinal Study of Aging (n = 680, 50% male, aged 27-94 years) completed a clinical assessment and wore an Actiheart accelerometer. Transitions between active and sedentary states were modeled as a probability (Active-to-Sedentary Transition Probability [ASTP]) defined as the reciprocal of the average PA bout duration. Cross-sectional associations between ASTP and gait speed (m/s), fatigability (rating-of-perceived-exertion [RPE]), 400 m time (seconds), and expanded short physical performance battery score were modeled using linear and logistic regression, adjusted for chronic conditions. Further analyses explored the utility of ASTP over-andabove total daily PA. Results: In continuous models, each 0.10-unit higher ASTP was associated slower gait (β = −0.06 m/s, SE = 0.01), higher fatigability (β = 0.60 RPE, SE = 0.12), slower 400 m time (β = 16.31 s, SE = 2.70), and lower functioning (β = −0.13 expanded short physical performance battery score, SE = 0.03; p < .001). In categorical analyses, those in the highest tertile of ASTP were >2 times more likely to have high fatigability (rating of perceived exertion ≥10), slow 400 m time (>300 seconds) and reduced functional performance (expanded short physical performance battery score < 3.07) than those in the lowest tertile (p < .01). Further analyses demonstrated ASTP provided additional insight into functional outcomes beyond total daily PA. Conclusion: Fragmented daily PA-as measured by ASTP-is strongly linked with measures of health and functional status and may identify those at risk of high fatigability and reduced functional performance over and above traditional PA metrics.
Adequate physical activity (PA) is important for maintaining physical function and quality of life with aging, and is a powerful predictor of healthy longevity (1) (2) (3) . With aging, daily PA becomes less frequent and intense, and more fragmented, with shorter active bouts and longer bouts of sedentary or rest throughout the day (4) (5) (6) (7) . Previous studies linking PA with health outcomes in older adults have mainly focused on defining the health effects of total volume or intensity of PA (4, 8, 9) and, more recently, bouts of sedentary behavior (10) (11) (12) (13) , but the compensatory changes that mark the transition from active to sedentary states, and their relationship to health and functional status with aging, is not well understood.
Low and diminished levels of PA are considered indicative of frailty and related factors including fatigue, slow gait, disability, cognitive impairment, and increased mortality risk (10) (11) (12) (13) . Interventions aimed at changing such trajectories are most likely to be effective if implemented at an early stage in the process, when the degree of deterioration is relatively small. Accordingly, detailed, sensitive metrics detailing the manner in which daily PA is accumulated may provide critical insights into characteristics and trajectories of PA that act as early markers of worsening functional performance.
An early stage of functional decline may first be characterized by the progressive shortening of the activity bouts that can be tolerated without resting. For example, one individual may routinely achieve 20-30 minutes of walking per day accumulated mostly through a single bout of prolonged activity, whereas another may engage in multiple short active bouts throughout the day. The former activity profile may represent a healthy person who engages in volitional exercise and maintains relatively high capacity and endurance, whereas the latter profile may represent someone with diminished reserve who can only sustain activity for a few minutes at a time. Although both individuals may accrue similar amounts of active and sedentary time over a typical day or week, the number of transitions between active and sedentary states, or degree of activity fragmentation, differs dramatically. Extracting information on activity fragmentation from accelerometry data may thus provide a new and more informative criterion to identify individuals earlier in their transition from moderately active to largely sedentary (14, 15) .
The purpose of this article is to introduce an index of activity fragmentation, the Active-to-Sedentary Transition Probability (ASTP) (14, 15) , as an early marker of fragmented PA, diminished reserve capacity, and declining functional status in older adults. ASTP is easy to calculate, interpret, and translate across accelerometer devices and studies, which may improve cohesiveness across accelerometer-based research. Although similar fragmentation indices have been used to assess sleep quality (14, 16, 17) , to the best of our knowledge, they have not been considered as an informative feature of daily PA in older adults. To provide proof of concept, we examined the association between ASTP and established measures of fatigability (18, 19) , endurance capacity (20, 21) , and functional performance (2, 22) in well-functioning older adults participating in the Baltimore Longitudinal Study of Aging (BLSA). We hypothesized that (a) higher ASTP represents a more fragmented pattern of daily PA that is associated with higher levels of fatigability, lower endurance capacity, and poorer functional performance, and (b) ASTP is more strongly associated with function and endurance performance than total volume of PA in older adults.
Methods

Participants
The BLSA is a study of normative human aging, established in 1958 and conducted by the National Institute on Aging Intramural Research Program. A general description of the sample and enrollment procedures and criteria has been previously reported (23) . Briefly, the BLSA is a continuously enrolled cohort with some targeted recruitment (eg, women, racial minorities) over its history of 60 years. All participants are community-dwelling volunteers who pass comprehensive health and functional screening evaluations and are free of major chronic conditions and cognitive and functional impairment at the time of enrollment. Once enrolled, participants are followed for life and undergo extensive testing every 1-4 years depending on age (<60 every 4 years, 60-79 every 2 years, ≥ 80 every year).
The sample for the current study consists of 680 men and women who underwent a physical examination, health history assessment, and functional testing during their clinic visit, and subsequently wore an accelerometer for 7 days between August 2007 and December 2015. Trained and certified technicians administered all assessments following standardized protocols. The internal review board of the National Institute of Environmental Health Sciences approved the study protocol and participants provided written informed consent.
Usual gait speed was measured over a course of 6 m in an uncarpeted corridor. Participants stood with their feet behind a taped starting line and were asked to walk at a "normal comfortable pace." After a command of "Go," timing was initiated with the first footfall over the starting line and stopped after the first foot-fall over the finish line. Two timed trials were conducted to derive usual gait speed in meter per second; the faster of the two trials was used for analyses.
Endurance walking ability was assessed as time to complete the 400 m walk; a self-paced endurance walk test performed over a 20 m course and a validated measure of cardiorespiratory fitness (21) . Participants were instructed to walk "as quickly as possible at a pace that can be maintained." Standard encouragement was provided with each lap. Individual lap times and total time to complete were recorded in seconds (21, 24) .
Perceived fatigability was assessed immediately after a slowpaced 5 minute standardized treadmill walk (1.5 mph [0.67 m/s]; 0% grade) by asking participants to rate their perceived exertion using the Borg rating of perceived exertion (RPE) scale (range 6-20; 6 = no exertion at all, 9 = very light, 11 = light, 13 = somewhat hard, 20 = maximal exertion) (25) . The speed of 0.67 m/s was selected because it is sufficiently low demand to minimize participant exclusion. Previous research has identified higher perceived fatigability as a risk factor for clinically meaningful decline in functional measures, independent of reported tiredness and low energy (18, 19) .
Physical Functioning was assessed using the Expanded Short Physical Performance Battery (ExSPPB), a composite measure of ability and time to complete 5 chair stands, 3 progressively harder standing balance poses (semi-tandem, full-tandem, and single-leg stand), timed 6 m walk at usual gait speed, and timed-narrow 6 m walk test (walking between 2 parallel lines separated by 20 cm). Ratio scores ranging from 0 to 1 were calculated for each component of the battery, where 1 represents the maximal performance observed for healthy older adults. Participants unable to complete a component were scored 0 for that component. Ratio scores from the four components were summed to obtain a continuous value ranging from 0 to 4, where participants with higher levels of physical performance receive a higher ExSPPB score (22) .
Physical Activity (PA) was assessed using the Actiheart accelerometer (CamNtech, Cambridge, UK), a unidirectional chest-worn device that monitors heart rate and PA. On the last day of the BLSA clinic visit, participants were fitted with the Actiheart positioned horizontally at the chest at the third intercostal space using two standard electrocardiogram electrodes. Heart rate and accelerometry counts were measured in 1 minute epochs for the following 7 days in the free-living environment. Extra electrodes and specific placement instructions were provided, so participants could replace the device if needed. At the end of the 7 day period, the monitors were returned to the BLSA clinic via express mail. Actiheart data were downloaded using commercial software (Actiheart version 4.0.32) to derive activity counts in 1 minute epochs. Days with more than 5% of data missing were excluded from the analysis. For the remaining days, missing values were imputed as the average activity counts per minute during the same time period from the other complete days for each participant (4). A minimum of three valid days was required for inclusion in the analysis. Minute-level activity counts were averaged across all valid days to calculate the average counts per minute for every minute of the day (12:00 am-11:59 pm). A summary measure of total volume of activity was created for each participant and logtransformed (total log activity counts (TLAC)) due to the highly skewed distribution (4) .
Active to Sedentary Transition Probability (ASTP) was calculated by quantifying each participant's active and sedentary time on a minute-by-minute basis (12:00 am-11:59 pm) for each valid day. Visual examination of the distribution of activity counts showed 95% of participants had activity counts <10 counts per minute between the typical in-bed hours of 11:00 pm-5:00 am, as well as a consistently low heart rate indicative of a resting state (26) . As a result, an active state was indicated when activity counts ≥10 counts/minute and a sedentary/sleep state was indicated when activity counts were <10 counts/minute (27) . Bout length was defined as the number of consecutive minutes spent in either an active or sedentary state and a daily activity profile was created for each participant to detect alternating bouts of sedentary and active states. ASTP was defined as the probability of transitioning from an active to a sedentary state and calculated as the reciprocal of the average active bout duration (14, 15) . ASTP was calculated for each day and averaged across valid days to derive a single measure of ASTP for each participant.
Covariates
Height (meters) and weight (kilograms) were assessed in light clothing using a stadiometer and calibrated scale, respectively. Body mass index was calculated as kilograms per meter squared. Age, sex, race, smoking history, and history of cardiovascular disease, diabetes, hypertension, stroke, cancer, peripheral neuropathy, and lower extremity arthritis were extracted from a health history interview conducted by a nurse practitioner.
Statistical Analysis
Exploratory diagnostics using histograms and normal Q-Q plots indicated that ASTP was normally distributed and was modeled as a continuous variable. Differences in participant characteristics and comorbidities by tertiles of ASTP were evaluated using chi-square tests for categorical variables and analysis of variance with Tukey's honest significance test (HSD) for continuous variables. Scatterplots between ASTP and age, and between ASTP and each of the outcome variables (gait speed, time to walk 400 m, perceived fatigability, and the ExSPPB), were used to assess the direction and magnitude of the associations between variables (Figures 1 and 2 ). On the basis of the appearance of these plots, the association between ASTP and each of the outcomes was modeled continuously using multiple linear regression models, adjusted for demographics, height, weight, and history of chronic conditions. To provide clinical relevance, logistic regression models were added to assess odds of reduced functional performance by tertile of ASTP. Slow gait was defined as <1.0 m/s (28), high fatigability was defined as a RPE ≥10 (18, 19) , and low endurance performance was defined as taking >5 minutes to complete the 400 m walk (24) . Cut points for reduced functional performance using the ExSPPB are not well defined; thus, histograms were used for data exploration, highlighting a break in the data at just below 3.07. Statistical significance was determined using two-tailed hypothesis testing with an alpha level of 0.05. All analyses were performed using R version 3.3.3 and Stata MP version 14.
Results
Participant characteristics are summarized in Table 1 , overall and by tertiles of ASTP. The overall mean age of the study sample was 67.9 (± 13.2) years (range 27-94). Participants were high functioning with low comorbidity prevalence. The most prevalent comorbidities included lower extremity arthritis pain (32.9%), history of cancer (10.4%), and generally well-controlled hypertension (39.9%); all other chronic conditions were infrequent, with a prevalence of <10%. ASTP averaged 0.27 (±0.06) overall, ranging from 0.20 (±0.03) in the lowest ASTP tertile to 0.34 (± 0.05) in the highest ASTP tertile (p < .001). Participants in the highest ASTP tertile were more likely to be older and male, and to have a higher body mass index, history of smoking, cardiovascular disease, hypertension, stroke, and cancer (p < .03 for all). They also had slower gait speed, lower ExSPPB score, slower endurance walking time, higher perceived fatigability, lower total daily PA counts, and lower amounts of moderate-to-vigorous and lightintensity PA (p < .001 for all). The univariate associations between ASTP and age, and ASTP and each of the functional outcomes, are shown in Figures 1 and  2 . ASTP was positively associated with age, with a 0.02-unit higher ASTP for each 1 year increase in age (p < .001, Figure 1 ). Higher ASTP was also associated with poorer functional performance; for each 0.10-unit higher ASTP, gait speed was 0.10 m/s slower, perceived fatigability was 1.0 RPE higher, ExSPPB score was 0.30 units lower, and 400 m walk time was 31.0 seconds slower (p < .001 for all, Figure 2) .
In fully adjusted models, these results were attenuated, but remained significant. For each 0.10-unit higher ASTP, usual gait speed was 0.06 m/s slower (model A), perceived fatigability was 0.61 RPE higher (model B), 400 m walk time was 16.31 seconds slower (model C), and the ExSPPB score was 0.13 units lower (model D; p < .001 for all; Table 2 , row [i]). Model fit statistics for continuous analyses indicate the strongest fit for model C (endurance walking), followed by models D (ExSPPB), A (gait speed), and B (perceived fatigability), respectively (Table 2, row [i]). Sensitivity analyses revealed that removing the overnight hours (11 pm-5 am) from the analysis did not alter the results. In addition, although the association between age and ASTP appeared to be slightly nonlinear at older ages (Figure 1) , additional analyses to examine interactions between ASTP and age, as well as nonlinear trends did not alter the results.
To provide clinical relevance, the odds of reduced performance in each of the functional outcomes were modeled comparing tertiles of ASTP, using the lowest tertile as the reference group ( Table 2 , row ii]). Although the relationship between ASTP and risk of slow gait did not reach statistical significance, further sensitivity analyses suggested a hierarchical association between ASTP and gait speed, with slowed gait speed (<1.0 m/s) commencing at an ASTP threshold of ≥0.40.
To understand whether ASTP is informative above and beyond a traditional measure of total volume of PA (TLAC) (4, 8, 29) , we compared four separate models for each of the functional measures, using different combinations of ASTP and TLAC as independent variables: (a) TLAC only, (b) ASTP only, (c) both TLAC and ASTP, and (d) both TLAC and a volume-adjusted measure of ASTP to account for differences in PA that are not captured by volume alone (Table 3) . To calculate volume-adjusted ASTP, we regressed ASTP on TLAC and used the regression residuals to define volume-adjusted ASTP.
In Models 1 and 2, TLAC and ASTP were associated with each of the functional measures in their respective models (Table 3 , p < .01 for all). However, the magnitude of the standardized β coefficients were consistently stronger for ASTP (Table 3 ; Model 2: β = −0.17 for gait speed, β = 0.18 for perceived fatigability, β = 0.19 for 400 m time, and β = −0.16 for ExSPPB score, p < .001 for all) than for Note: ASTP = Active-to-Sedentary Transition Probability; LiPA = light intensity physical activity; MVPA = Moderate to vigorous physical activity; RPE = rating of perceived exertion; SPPB = Short Physical Performance Battery. † Weight in kilograms divided by height in meters squared.
‡ Self-reported ever smoked on a regular basis. § Self-reported diagnosis of heart disease or cardiac surgery, including myocardial infarction, congestive heart failure, angina pectoris, coronary artery bypass graft, and angioplasty. Note: Rows show multivariable regression models assessing the (i) continuous and (ii) categorical associations between ASTP and (A) usual gait speed (m/s), (B) perceived fatigability (RPE), (C) time to walk 400 m (seconds), and (D) expanded SPPB score. All models are adjusted for age, sex, race, smoking history, height, weight, and history of cardiovascular disease, stroke, peripheral neuropathy, hypertension, diabetes, cancer, and lower extremity arthritis pain. ASTP = Active-toSedentary Transition Probability. *p < .05, **p < .01, ***p < .001. Note: Model 1 includes TLAC, Model 2 includes ASTP, Model 3 includes TLAC and ASTP, and Model 4 includes TLAC and ASTP adjusted for total volume. All models are adjusted for age, sex, race, smoking history, height, weight, and history of cardiovascular disease, stroke, peripheral neuropathy, hypertension, diabetes, cancer, and lower extremity arthritis pain. ASTP = Active-to-Sedentary Transition Probability; RPE = rating of perceived exertion; SPPB = Short Physical Performance Battery; TLAC = total log activity counts. TLAC (Table 3 , Model 1: β = 0.11 for gait speed, β = −0.16 for perceived fatigability, β = −0.16 for 400 m time, and β = 0.13 for ExSPPB score, p < .01 for all) across all functional measures. In Model 3, when both TLAC and ASTP were included in the models, only ASTP remained significant. Finally, in Model 4 both TLAC and volume-adjusted ASTP were significant (p < .01) but the magnitude of the TLAC coefficient remained unchanged from Model 1. Together, these results demonstrate that ASTP provides additional information when modeling the association between PA and functional measures, independent of total volume of PA.
Discussion
Use of accelerometers in scientific and clinical research presents new opportunities to understand how patterns of free-living PA may act as early markers of diminished endurance, greater fatigability, and poorer lower-extremity function, enhancing traditional PA research and its translational value (29) . The current results suggest that fragmented daily activity, as defined by the probability of transitioning from an active to a sedentary state (ASTP), is strongly linked with established measures of health and functional status, and that this measure represents a feature of daily PA that cannot be explained by total volume of activity alone. Combined with greater odds of reduced functional performance among those with higher ASTP, these findings support the hypothesis that daily PA becomes more fragmented even among well-functioning older adults, and that quantifying ASTP may assist with identifying individuals earlier in their declining functional trajectory.
Although accelerometers have become quite common in agingrelated studies, interpretation of the data is often problematic, with few analytical methods specific to older adults who have lower aerobic capacity, slower speeds, and altered patterns of movement than younger adults (27, 29) . Moreover, a lack of cohesiveness between studies and across devices has made it difficult to compare results across study populations (29, 30) . Recent advances in accelerometry methodology have improved discriminatory power (4, 27, 29, (31) (32) (33) (34) (35) (36) (37) , but more accurate analytical techniques to enhance data interpretation in older populations are needed to better understand the depth and clinical meaning of this highly complex data, beyond traditional approaches that define volume and intensity of daily activities.
Recent interest in the accumulation of sedentary or active bouts shows promise in augmenting and advancing PA research, and understanding the deleterious effects of prolonged sedentary behaviors (5, 10, 11, 38, 39) The current findings extend the literature on bouts of activity and inactivity by demonstrating the utility of a straightforward method of defining and quantifying both active and sedentary behaviors throughout the day in a real-world setting by calculating a probability that focuses on the number and duration of transitions from active to sedentary behaviors. As a transition probability, ASTP captures properties of the tendency to stay in active behaviors that cannot be captured by either the number of active breaks or the average active bout. Moreover, our results suggest ASTP provides information above and beyond a single measure of PA volume in older adults, as total daily PA declines and sustained bouts of PA become shorter.
Traditional laboratory-or clinical-based measures of function are often limited by ceiling effects and/or lack a thorough picture of functional ability outside of the lab (22, 29) . Accelerometer-derived measures collected in free-living settings complement clinical measurements and can provide a more comprehensive assessment of realworld activities, and the manner in which they are accumulated, thus establishing more accurate risk assessments for the disablement process. In the multivariable analyses (Table 2 , row i), the higher model fit parameters for models (C) endurance walking and (D) ExSPPB suggest that higher ASTP is more strongly associated with higher-order measures of endurance and function, and thus may first become apparent at the higher end of the functional spectrum. Further, differences in ASTP become apparent before gait speed reaches clinically slow thresholds (40) . Together these results suggest that patterns of activity may provide earlier insights into functional status than traditional clinical measures. However, the BLSA is a healthy aging population, thus limiting our ability to detect the sensitivity of ASTP in lower functioning individuals. Further validation of ASTP in poorer functioning populations is warranted, as well as replication in longitudinal data sets, to validate discriminatory power and predictive ability.
A significant advantage of ASTP is that it can be translated across accelerometer devices and placements (eg, chest, waist) after defining a device-specific threshold of movement that is consistent with sedentary behavior (eg, 10 counts/min, 100 counts/min). Using hip-worn accelerometer data from 3,401 participants aged 50 years and older in the National Health and Nutrition Examination Survey 2003-2006 cohorts, Di and colleagues found that a higher ASTP was associated with a greater risk of mortality after 6.4 years of follow-up (adjusted hazard ratio [aHR]: 1.40 [1.23-1.58]) (14) . Median ASTP values among National Health and Nutrition Examination Survey participants aged 50 years and older were comparable to those in the current study, suggesting good replicability across studies and accelerometer placements (Supplementary Figure 1) . Further research is warranted to test the utility of ASTP in wrist-worn devices, as well as other placements.
Although ASTP captures the probability of more fragmented behaviors, it is limited in its ability to assess intensity. In the current study, we focused on the transition from active to sedentary behaviors using a threshold of 10 counts/min. Researchers wishing to focus on transitions between activities of higher intensity (eg, transitioning from moderate to light intensity activities) would need to define the population and device-specific threshold of movement associated with moderate intensity activity and recalculate the probability accordingly. Given that many older adults do not engage in moderate or greater intensity activity as defined by traditional cut point thresholds, we chose to focus the current analysis on transitioning from activity of any intensity to a sedentary state to provide a more comprehensive picture of daily active and sedentary behaviors. Further application of this methodology to defining higher level transitions may provide additional insights into patterns of activity that represent various aspects of declining health including aerobic capacity, metabolic function, and muscle strength (41, 42) .
In conclusion, our findings suggest that modeling patterns of daily activity as the probability of transitioning from an active to a sedentary state using accelerometry data-ASTP-is highly associated with clinical measures of physical function in older adults, and may better represent functional abilities than a summary measure of total volume of daily PA. ASTP is transferrable across accelerometer devices, and thus may provide opportunities for future pooled analyses of accelerometry data, enhancing PA research in older populations to include cumulative patterns of daily activities. More research on ASTP, its association with clinical outcomes, and longitudinal predictive value is warranted to further elucidate patterns of PA that may be informative to preserving functional health with aging.
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